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Acoustic Loss in Thin-Film Lithium Niobate:
An Experimental Study
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Abstract— This work reports an experimental study of acoustic
loss in thin-film lithium niobate (LiNbO3) using acoustic delay
lines (ADLs). Unlike prior resonator-based quality factor ( Q)
studies, this approach directly extracts the damping in thin-
film LiNbO3, avoiding the influence of other intricate loss
mechanisms, e.g., anchor loss and electrode-induced loss. Acoustic
attenuation of fundamental symmetric (S0) and shear horizontal
(SH0) waves are studied in suspended LiNbO3 thin films of
different thicknesses. The attenuation is significantly higher in
thinner LiNbO3 films, suggesting the LiNbO3 crystal degra-
dation during the microfabrication as the primary loss origin.
Nevertheless, the extracted equivalent Q in thin-film LiNbO3 is
still higher than reported values, suggesting that anchor design
and electrode quality remain the bottlenecks for higher Q. The
proposed loss extraction framework is readily extendable to other
acoustic thin-film structures. [2021-0107]

Index Terms— Acoustic attenuation, acoustic delay line, lithium
niobate, piezoelectric resonators, quality factor, thin-film devices.

I. INTRODUCTION

THIN-FILM lithium niobate (LiNbO3) based acoustic
microsystems have been extensively studied in the last

decade, ranging from acoustic resonators [1]–[6], transform-
ers [7]–[9], delay lines [10]–[14], to emerging acousto-
electric amplifiers [15], non-reciprocal networks [16], [17],
acousto-optic modulators [18]–[21], and quantum sys-
tems [22]. The platform receives growing research attention
because various acoustic modes with high electromechanical
coupling (K 2) and low loss can be excited in thin-film
LiNbO3. As a result, it enables efficient piezoelectric trans-
duction between the electrical and acoustic domains. These
modes, e.g., fundamental symmetric (S0) [6], shear-horizontal
(SH0) [2], and first-order antisymmetric (A1) [1], which
could not be efficiently excited in conventional bulk LiNbO3
substrates [23], are only made available thanks to the thin-film
transfer techniques of single-crystal LiNbO3 [24], [25]. Up to
now, thin-film LiNbO3 devices have been demonstrated from a
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Fig. 1. Survey of the reported thin-film LiNbO3 acoustic resonators with
different (a) operating frequencies and (b) LiNbO3 thicknesses.

few MHz [26] to 60 GHz [27]. However, the presented perfor-
mance is still far from the performance limits of bulk LiNbO3
[28], resulting from the orders of magnitude higher acoustic
wave attenuation observed in thin-film LiNbO3 [10]–[14].

To further advance low-loss thin-film LiNbO3 technolo-
gies, one must first identify and mitigate the dominant loss
mechanism. Conventionally, the acoustic loss in suspended
microelectromechanical systems (MEMS) devices is primarily
studied by analyzing the maximum achievable quality factor
(Q) in resonators [29]–[31]. A survey of thin-film LiNbO3
resonator Q is presented in Fig. 1, sorted by the operating
frequency [Fig. 1 (a)] and LiNbO3 thickness [Fig. 1 (b)].
It includes SH0 [2], [5], [32]–[38], S0 [4]–[6], [39]–[41],
and thickness-shear (comprising A1) mode devices [1],
[3], [42]–[48] with high K 2. Despite different designs and
implementations, resonators at lower frequencies and using
thicker LiNbO3 tend to show higher Q. To further decipher
the loss in thin-film LiNbO3, especially to identify whether
the thickness or frequency is the limiting factor, a similar
Q-analysis using resonators with controlled lateral and thick-
ness dimensions could be explored [29]. However, several
issues persist. First, the anchor loss, which is highly sensitive
to the resonator configuration [29], is hard to be controlled
between resonators in different stack thicknesses or at different
frequencies. Second, resonator Qs reflect the compound loss
in both LiNbO3 and electrodes, and it is hard to isolate
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TABLE I

KEY DESIGN PARAMETERS

and measure their contributions individually. Third, such a
Q study suffers from the fabrication variation. A new loss
characterization approach is needed to overcome these three
bottlenecks.

To this end, recently developed unidirectional acoustic delay
lines (ADLs) in thin-film LiNbO3 could be a promising
testbed [10]–[14]. Such ADLs are two-port devices with
acoustic waves propagation between ports. First, in such
ADLs, waves are predominantly confined between the uni-
directional transducers on the opposite ends of the LiNbO3
waveguide, eliminating the anchor loss concern. Second,
the loss in metallic electrodes can be removed by analyz-
ing ADLs with identical transducers but different waveguide
lengths. Third, the fabrication variation could be mitigated by
studying multiple ADLs with incremental waveguide lengths.
The proposed loss extraction framework is readily extendable
to other acoustic modes and thin-film structures at RF.

In this work, we report an experimental study of acoustic
loss in thin-film LiNbO3 using ADLs. Acoustic attenuation of
S0 and SH0 waves are studied in X-cut LiNbO3 of different
thicknesses (400, 800, and 1600 nm). Loss is much higher
in thinner LiNbO3 films, suggesting crystal damage dur-
ing the microfabrication as the limiting factor. Nevertheless,
the extracted Q is higher than those reported in resonators,
suggesting more room for improvement in resonator config-
uration and electrode optimization. The paper is organized
as follows. Section II introduces the ADL design and loss
extraction approach. Section III shows the fabricated device
and material analysis. Section IV includes the measurement
and discussion. Section V is the conclusion.

II. DESIGN AND SIMULATION

A. Acoustic Delay Line Testbed

The proposed ADL testbed schematic is presented in
Fig. 2 (a), with key parameters listed in Table I. The device
consists of 120 nm patterned interdigitated aluminum (Al)
electrodes on the top of suspended single-crystal LiNbO3 with
thicknesses of 400, 800, and 1600 nm. A pair of unidirectional
transducers are placed on the opposite ends of the LiNbO3
acoustic waveguide (gap length LG). The transducers follow
the unidirectional design [49]. Each cell (length of �) includes
a pair of �/8 non-reflective electrodes and a 3�/8 distributed
reflector [Fig. 2 (b)]. The electrodes’ asymmetric arrangement
within a cell leads to different phase delays for the waves
reflected by adjacent reflectors, causing constructive (destruc-
tive) wave interference in the forward (backward) directions.
With adequate cascaded cells (cell number Nc), unidirectional
transducers can be achieved.

Fig. 2. (a) Mock-up view (top) of unireictional ADLs in thin-film LiNbO3.
(b) Transducer cell design. (c) Cross-sectional view of the simulated displace-
ment modeshpe (film thickness and damping exaggerated).

The finite element analysis (FEA) simulated displacement
mode shape of the ADL testbed is presented in Fig. 1 (c).
In operation, incident electromagnetic (EM) signals are con-
verted into acoustic vibration through piezoelectricity at the
input transducer. Thanks to the unidirectional transducer, most
energy is launched toward the output port, transversing the
acoustic waveguide before converting it to EM signals. The
received wave amplitudes differ in ADLs with different gap
lengths (LG) from the acoustic attenuation [exaggerated in
Fig. 1 (c)]. The difference in amplitude will be used to
extract the propagation loss (PL) in thin-film LiNbO3. The
unidirectional ADL design is crucial here to prevent forming a
standing wave between ports, leading to severe in-band ripples,
detrimental for the loss extraction.

B. SH0 and S0 Waves in Thin-Film LiNbO3

This paper focuses on SH0 and S0 because their frequencies
are primarily determined by lateral wavelength (λ), allowing
for isolating the effects of LiNbO3 thickness from the operat-
ing frequency. The damping of other acoustic modes (e.g., A1)
will likely follow a similar trend but will not be investigated
here.

X-cut LiNbO3 is selected as the platform since both
SH0 and S0 can be efficiently excited along the −10◦ [12]
and 30◦ [11] to +Y axis, respectively [50]. Three-dimension
(3D) FEA eigenmode analysis (Fig. 2) is first performed for
obtaining the dispersion of S0 and SH0 in 400, 800, and
1600 nm thick LiNbO3. λ is set between 3 and 8 μm for GHz
operation. In the simulation, electrical and mechanical periodic
boundary conditions are applied to longitudinal and transverse
direction edges. Mechanically free boundary conditions are
applied to the top and bottom surfaces. The electrically open
boundary condition is applied to the bottom, and the elec-
trically open (short) is applied to the top for computing the
frequencies fo ( fs).

The simulated dispersion of SH0 and S0 are plotted in
Fig. 3 (a) and (c), along with the displacement mode shapes.
Both fo and fs are predominantly set by λ, and fs has a weak
dependency on the film thickness. fo is larger than fs due
to the piezoelectric stiffening effect [23]. Note that S0 mode
in 1600 nm thick X-cut LiNbO3 with λ less than 5.5 μm
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Fig. 3. Dispersion of GHz S0 and SH0 waves in X-cut LiNbO3 thin films
with different thicknesses. (a) SH0 frequencies, (b) SH0 K 2, (c) S0 frequen-
cies, and (d) S0 K 2 at different wavelength.

does not exist because it mixes with the thickness-shear mode
due to the large thickness/lateral wavelength ratio (h/λ). The
electromechanical coupling K 2 is then calculated as [23]:

K 2 = f 2
o / f 2

s − 1 (1)

The results are plotted in Fig. 3 (b) and (d), showing high
K 2 above 20%. The thicker LiNbO3 shows lower K 2 in
the small h/λ regime, agreeing with the previously reported
SH0 [12] and S0 [11] dispersion.

Based on the above analysis, two key findings can be
concluded for the proposed ADL-based acoustic loss study.
First, the operating frequencies are determined mainly by
λ. ADLs with the same λ but thicker LiNbO3 operate at
slightly higher frequencies. The thickness dependency is due
to less mechanical and electrical loading of the Al electrodes
in thicker films. Second, thanks to the high K 2 of SH0 and
S0, low-loss and wideband ADLs are expected [49]. ADLs
in thicker LiNbO3 have slightly lower K 2, leading to worse
directionality for the same design [49].

C. Acoustic Loss Extraction Method

The method is similar to the port extension de-embedding
approach in microwave engineering. One example of the
acoustic loss extraction approach will be showcased using
SH0 ADLs in 400 nm X-cut LiNbO3 with a cell length �
of 3.2 μm and LG between 100 and 600 μm. The simulated
S-parameters will be conjugately matched. The propagation
loss and group velocity of SH0 will be extracted from IL and
group delay, respectively.

Fig. 4. Simulated (a) IL and (b) group delay of SH0 ADLs with 3.2 μm �
in 400 nm LiNbO3 with LG between 0.1 and 0.6 mm (Q set as 100). Extracted
(c) IL and (d) group delay for ADLs with different LG and LiNbO3 thickness.

The frequency-domain 3D FEA [Fig. 2 (c)] is set up fol-
lowing the procedure in [11]. Top and bottom surfaces are set
as electrically open and mechanically free. Perfectly matched
layers (PMLs) are applied to the longitudinal ends, emulating
the energy dissipation into the substrate. A mechanical Q
of the LiNbO3 waveguide is set as 100 (defining imaginary
loss modulus to the stiffness constants [51], [52]). The set
mechanical Q will be compared with the extracted Q to
validate the proposed method. Note that the set Q of 100 is
significantly higher than that reported in prior experiments [12]
to illustrate the loss extraction process. The S-parameters
of the two-port devices are then obtained and conjugately
matched for damping extraction.

The simulated IL and delay are plotted in Fig. 4 (a) and (b),
respectively. The SH0 ADL shows a passband centered
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at 1.12 GHz. Devices with longer LG have higher IL and
longer delays due to wave propagation and attenuation.

IL of ADLs with different LG are extracted and fitted with
a linear regression model [Fig. 4 (c)]. The 400 nm LiNbO3
ADLs show a propagation loss (PL) of 57.31 dB/mm. Next,
we can calculate the equivalent Q in the thin-film LiNbO3
as [53]:

Q = π/P L (2)

where the unit of PL is Np/λ. λ is the acoustic wavelength in
the waveguide, slightly larger than the cell length �, because
of the Al electrodes’ electrical and mechanical loading effects.
In this work, we use the eigenmode analysis (Section II-B) for
λ. In this case, λ is 4.0 μm at fo of 1.12 GHz. Thus, the PL
can also be calculated as 0.23 dB/λ, or 0.0265 Np/λ. The
equivalent propagation Q for 400 nm LiNbO3 is 119, very
close to the set material mechanical Q of 100. The difference
is likely from the weak standing waves due to the transducers’
finite unidirectionality [49]. The in-band group delay is also
extracted and plotted against LG in Fig. 4 (d). The group delay
(vg) is 4452 m/s.

Following a similar procedure, the IL and group delay of
ADLs in 800 nm and 1600 nm LiNbO3 are simulated and
plotted in Fig. 4 (c) and (d). SH0 ADLs in 800 nm X-cut
LiNbO3 show passbands at 1.20 GHz, PL of 58.92 dB/mm
(0.0225 dB/λ), extracted Q of 121, and vg of 4526 m/s.
SH0 ADLs in 1600 nm X-cut LiNbO3 show passbands at
1.27 GHz, PL of 62.85 dB/mm (0.0224 dB/λ), extracted Q
of 122, and vg of 4542 m/s. ADLs in thicker LiNbO3 films
show higher IL and operating frequencies because of lower
K 2 and higher fs (Section II-B). The variation in vg is caused
by the in-band ripples from the finite directionality [49]. The
extracted Qs match with the set value, validating the acoustic
loss extraction approach.

The proposed ADL-based method will be used to experi-
mentally characterize the acoustic loss in LiNbO3 thin films
for both S0 and SH0 waves. The loss in LiNbO3 at different
frequencies and with different thicknesses will be first com-
pared to explore the attenuation origin in the current LiNbO3
technologies. Next, the extracted values will be compared with
the reported resonator Q to determine whether the acoustic
resonator design or the thin-film LiNbO3 is the dominant loss
contributor.

III. FABRICATION AND MATERIAL CHARACTERIZATION

The devices are in-house fabricated using the fabrication
process in [11]. LiNbO3 wafers are first bonded to Si and then
ground down to the desired thickness. To control the fabrica-
tion variation, the three samples are processed simultaneously
after the thin-film transfer step.

The transferred LiNbO3 thin films of different thicknesses
are first characterized with X-ray powder diffraction (XRD)
and atomic force microscopy (AFM). The XRD is measured
with Bruker D8 advance XRD system. The rocking curves for
the (110) plane are plotted in Fig. 5 (a) for the three thick-
nesses, respectively. The full width at half maximum (FWHM)
of the three cases is 497, 397, and 270 arcsec, respectively. The
thicker film shows significantly better quality, likely leading

Fig. 5. (a) XRD rocking curve for (110) plane of thin-film LiNbO3 and
(b) AFM of the transfered LiNbO3 thin films with 400, 800, and 1600 nm
thickness.

Fig. 6. Optical images of fabricated ADL testbeds. ADLs with 3.2 μm �
and 0.1 mm LG in (a) 400 nm, (b) 800 nm, and (c) 1600 nm X-cut LiNbO3.
(d) ADL with 7.44 μm �. (e) ADL with 0.4 mm LG .

to lower IL. The AFM results are measured with Anton Paar
Tosca 400, and plotted in Fig. 5 (b). The root mean square
roughness (RMS) for the three cases are 373, 432, and 269 pm.

The optical images of fabricated ADL testbeds are shown
in Fig. 6. Identical designs are placed in 400 [Fig. 6 (a)], 800
[Fig. 6 (b)], and 1600 nm [Fig. 6 (c)] X-cut LiNbO3 thin films.
Seven groups of ADLs with � between 3.2 [Fig. 6 (a)] and
7.44 μm [Fig. 6 (d)] are built, with � following a geometric
sequence to space the passbands in the spectrum equally.
Within each group, ADLs with LG of 100 [Fig. 6 (a)], 200,
400 [Fig. 6 (e)], 600, 800 and 1200 μm are included. Two
copies of devices are built, with the longitudinal direction of
SH0 ADLs along −10◦ to +Y axis and that of S0 ADLs
along 30◦ to +Y axis for maximum K 2 and zero power flow
angle [11].

IV. MEASUREMENTS AND DISCUSSION

A. SH0 and S0 Mode ADL Testbed Examples

The fabricated ADLs are measured with a Keysight N5230A
network analyzer at the −10 dBm power level in the air. In this
section, we will present two example groups for SH0 and S0.
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Fig. 7. Measured (a) IL and (b) group delay of SH0 ADLs with 3.2 μm �
in 400 nm LiNbO3 with LG between 0.1 and 1.2 mm. Extracted (c) IL and
(d) group delay for ADLs with different LG and LiNbO3 thickness.

The measured IL and group delay of SH0 ADLs in 400 nm
X-cut LiNbO3 (� of 3.2 μm and LG between 100 and
1200 μm) are plotted in Fig. 7 (a) and (b). Passbands at
1.14 GHz are measured, matching well with the simulation in
Section II-C. Longer ADLs show larger IL and delays from
wave propagation and attenuation. The finite directionality
in transducers causes the in-band ripples. IL of SH0 waves
in 400 nm LiNbO3 is plotted in Fig. 7 (c), showing PL of
9.67 dB/mm, an equivalent Q of 712. The group delay is
plotted in Fig. 7 (d), showing vg of 4415 m/s, matching the
simulation.

Following the same procedure, the same SH0 ADL design
in 800 and 1600 nm LiNbO3 thin films are studied and plotted

in Fig. 7 (c) and (d). ADLs in 800 nm LiNbO3 are centered
at 1.22 GHz, showing a PL of 3.38 dB/mm, an equivalent Q
of 2186, and vg of 4479 m/s. ADLs in 1600 nm LiNbO3
are centered at 1.29 GHz, showing a PL of 1.86 dB/mm,
an equivalent Q of 4207, and vg of 4346 m/s. SH0 waves
in the thinner films show larger acoustic attenuation.

Fig. 7 (c) also provides essential insights on attaining
future low-loss ADL designs. Thinner films provide higher
K 2 (Section II-B) for the same �, leading to better trans-
ducer directionality and lower transducer loss [49]. How-
ever, the thinner film has significantly higher PL (Fig. 7),
unfavorable for longer delays. Therefore, an optimal LiNbO3
thickness exists for ADLs with a desired delay design goal.

The measured IL and group delay of S0 ADLs in 400 nm
X-cut LiNbO3 (� of 6.4 μm and LG between 100 and
1200 μm) are plotted in Fig. 8 (a) and (b). The passbands
at 933 MHz are measured. A pronounced spurious mode
(higher-order fundamental antisymmetric, A0) exists below the
passband [11], causing interference in IL and group delay.
IL of S0 waves in 400 nm LiNbO3 is plotted in Fig. 8 (c),
showing PL of 2.31 dB/mm, or an equivalent Q of 1518. The
group delay is plotted in Fig. 8 (d), showing vg of 6903 m/s.
Compared to SH0, S0 waves are faster and less lossy, agreeing
with prior reports [11], [12].

The same S0 ADL design in 800 and 1600 nm LiNbO3 thin
films are studied [Fig. 8 (c) and (d)]. ADLs in 800 nm LiNbO3
are centered at 962 GHz, showing a PL of 1.47 dB/mm,
an equivalent Q of 2451, and vg of 7235 m/s. ADLs
in 1600 nm LiNbO3 are centered at 1.00 GHz, showing a PL
of 0.80 dB/mm, an equivalent Q of 4645, and vg of 7104 m/s.
Similarly, S0 waves in the thinner films are much lossier.

B. Acoustic Loss in Thin-Film LiNbO3

Following a similar analysis, 21 groups of SH0 ADLs and
16 groups of S0 ADLs with LG between 100 and 1200 μm
are measured and analyzed. Data from several S0 groups are
missing (e.g., 400 nm LiNbO3, � of 3.2 μm) when the highly
dispersive A0 overtone overlaps with the S0 passband and
generates large in-band ripples [11].

The key propagation characteristics, including frequencies,
PL per wavelength, and PL per propagation time, are plotted
in Fig. 9 (a) – (c) and Fig. 10 (a) – (c) for SH0 and S0.
Each point represents the extracted slope from a group of 6
ADLs with the identical transducer but different gap lengths,
mitigating the impact of fabrication variation to individual
devices. Similar to the observations from the ADL examples
in Section IV-A, ADLs in thicker LiNbO3 tends to operate
at slightly higher frequencies (lower K 2) and show lower
PL than the same designs in thinner LiNbO3. S0 devices
show lower damping and operate at higher frequencies than
SH0 counterparts.

Next, to quantitatively study the acoustic loss in thin-film
LiNbO3, the propagation Q is calculated using the FEA
validated approach in Section II-C. The extracted Q for
SH0 waves is plotted against the frequencies and thickness
in Fig. 11 (a), each point from an ADL group. The values are
listed in Table II. The plot show two remarkable findings. First,
Q is mostly determined by the LiNbO3 thickness, showing an
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Fig. 8. Measured (a) IL and (b) group delay of S0 ADLs with 6.4 μm �
in 400 nm LiNbO3 with LG between 0.1 and 1.2 mm. Extracted (c) IL and
(d) group delay for ADLs with different LG and LiNbO3 thickness.

TABLE II

EXTRACTED Q OF SH0 IN AIR

inverse relation between thickness and Q (1000 for 400 nm
film, 2000 for 800 nm film, and 4000 for 1600 nm film).
Such results suggest that likely the fabrication-induced surface

Fig. 9. Extracted propagation characteristics of SH0 waves in 400, 800,
and 1600 nm X-cut LiNbO3 thin films. (a) Center frequency, (b) PL per
wavelength, and (c) PL per propagation time.

TABLE III

EXTRACTED Q OF S0 IN AIR

damage to the thin-film LiNbO3 causes the PL exacerbation
from that measured in bulk LiNbO3 [28]. The damage is likely
collectively contributed by the thin-film transfer and later dry
etch process, as suggested by the material characterization in
Section III. Second, lower frequency SH0 waves have slightly
lower PL. This could be intuitively explained as SH0 waves
with longer λ are less sensitive to the surface effects.

The extracted Q of S0 waves is plotted against the fre-
quencies and thickness in Fig. 11 (b). The values are listed in
Table III. Like the SH0 case, the LiNbO3 thickness is the key
determining factor of Q, and the S0 waves tend to be lossier
at higher frequencies. The same argument is still valid that
the crystal damage from the fabrication process might be the
limiting factor in current thin-film LiNbO3 acoustic platforms.
Another interesting finding from comparing SH0 and S0 is
that the S0 devices show higher Q than SH0 devices at the
same frequency, likely due to the better tolerance to surface
contamination thanks to the longer acoustic wavelength.
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Fig. 10. Extracted propagation characteristics of S0 waves in 400, 800,
and 1600 nm X-cut LiNbO3 thin films. (a) Center frequency, (b) PL per
wavelength, and (c) PL per propagation time.

Fig. 11. Extracted Q in air of (a) SH0 and (b) S0 waves in thin-film LiNbO3
of 400, 800, and 1600 nm thickness at different frequencies.

C. Effects of Air Damping on Acoustic Loss

To capture the air damping effects, ADLs are measured
in vacuum, following the same procedure. The extracted Q
for SH0 in vacuum is plotted in Fig. 12 (a) and listed

Fig. 12. Extracted Q in vacuum of (a) SH0 and (b) S0 waves in thin-film
LiNbO3 of 400, 800, and 1600 nm thickness at different frequencies.

TABLE IV

EXTRACTED Q OF SH0 IN VACUUM

TABLE V

EXTRACTED Q OF S0 IN VACUUM

in Table IV. Compared to those in air, the extracted Q show
around X1.5 enhancement, agreeing with the reported Q
enhancement in resonator cases [54]. The S0 results are plotted
in Fig. 12 (b) and listed in Table V. Similar amount of Q
enhancement is observed.

One caveat in the current loss study is that the high Q
above 5000 has limited accuracy in the S0 case. For S0 ADLs
with such low PL, the difference in IL of devices with LG

of 100 and 1200 μm is less than 1 dB. The measurement
error from the probe contact (in the order of 0.1 dB) can
significantly affect the Q, as seen in Fig. 12. More accurate
results for S0 waves will be studied in future works using
ADLs with longer LG .

D. Effects of Temperature on Acoustic Loss

The temperature dependency of acoustic loss will be stud-
ied by measuring PL at different temperatures in vacuum.
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Fig. 13. (a) IL of SH0 ADLs at different temperature (3.2 μm �, 400 nm
LiNbO3, LG between 0.1 and 1.2 mm). (b) Extracted temperature dependency
of Q in vacuum.

Thin-film LiNbO3 resonators have been reported to operate
between 700 K [55] and 130 K [54]. A general trend is
that the LiNbO3 resonator tends to be lossier at higher
temperatures, similar to other MEMS devices [30]. However,
it is difficult to extract the effects of temperature on atten-
uation in thin-film LiNbO3 from the resonator results since
different loss mechanisms, e.g., anchor loss, have different
temperature dependencies [29]. We will use the SH0 ADL
examples in Section IV-A (400 nm X-cut LiNbO3 with �
of 3.2 μm and LG between 100 and 1200 μm) to showcase the
relation.

The extracted IL of different ADLs at temperatures between
300 and 340 K is plotted in Fig. 13 (a). ADLs tend to show
higher IL at higher temperatures. To remove the transducer
effects, the PL and Q are extracted using the linear regression
approach and plotted in Fig. 13 (b). The equivalent Q drops
from 820 to 780 at 340 K, showing higher acoustic attenuation
in LiNbO3 thin-films at higher temperatures, agreeing with the
trend reported earlier in resonators [56]. The origin for the Q
degradation will be identified in future works.

E. Discussion and Future Work

The measured Q in air and vacuum from ADL results can
be compared with the reported Q of resonators at similar
frequencies and with similar stack thickness. As expected
earlier, the extracted Q in thin-film LiNbO3 is much higher
than that reported in the resonators because we eliminate
the effects from anchor loss and electrode-induced electrical
and mechanical loading. Such results point out design space
in further optimizing resonator configuration and enhancing
electrode quality for higher-Q thin-film LiNbO3 resonators.

However, it is important to note that the PL (or Q)
reported in this work is not the absolute upper limit in
thin-film LiNbO3 technologies but the typical values from
current fabrication processes. It is possible to further mitigate
loss by reducing degradation of LiNbO3 during the thin-film
transfer and later etching steps, and potentially including
the annealing process [21]. We still have a long way to go
before approaching the ultra-low acoustic damping in bulk
LiNbO3 [28].

The following aspects could be further investigated in
future works. First, theoretical work is required to understand
better the experimental data reported in this work, especially
to establish the relation between the material quality and
propagation loss. Second, acoustic loss is only studied in the
orientations with the maximum K 2 to eliminate diffraction
resulting from non-zero power flow angles at other orienta-
tions [57]. It would be interesting to study the damping in other
orientations and potentially establish the correlation between
PL and K 2 (causal or otherwise). Third, higher-order modes in
the thickness directions [58], e.g., A1, whose frequencies are
determined mainly by the stack thickness, need to be studied
in future works. The current bottleneck is to build higher-order
mode ADLs in different thickness LiNbO3, while still main-
taining the same operating frequency. Fourth, the acoustic loss
in other structures, e.g., electrodes and metalized piezoelectric
thin films, could be studied by placing them in the acoustic
waveguide. Finally, future work on deciphering the origins of
PL for S0 and SH0 using the experimental data is of great
value.

Finally, the loss extraction framework based on unidirec-
tional ADLs is readily extendable to other thin-film structures,
such as the emerging high-quality ScAlN/AlN piezoelectric
thin films [59]–[64], by using the reported AlN unidirec-
tional ADL designs [65]. Thus, this reported acoustic loss
analysis approach could facilitate the future development of
thin-film low-loss wideband microsystems in various acoustic
platforms.

V. CONCLUSION

In this work, we experimentally extract the acoustic loss in
thin-film LiNbO3 using ADL testbeds. Acoustic attenuation of
S0 and SH0 waves are systematically studied in X-cut LiNbO3
of different thicknesses. Acoustic loss in thinner LiNbO3 is
found significantly higher, suggesting the fabrication-related
crystal degradation is likely the limiting factor. The extracted
Q limits of thin-film LiNbO3 are higher than those in prior
resonators, pointing to optimization opportunities for resonator
configuration and electrode quality. The proposed ADL-based
loss extraction framework is readily extendable to other
acoustic thin-film structures.
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